Plant injury has been traced to ammonia derived from organic sources such as urine (9), chicken manure (8), cottonseed meal (12) and animal manure (3). In addition, inorganic sources such as aqua ammonia, anhydrous ammonia, and ammonium salts have been reported injurious to plants when placed too close to the root zone (3, 7). The and the suspension centrifuged at 13,500 to 14,000 X G for 30 minutes to sedimate the mitochondria. The pellet was resuspended in 70 ml of a 0.6 M sucrose, EDTA, tris solution, and again centrifuged at 13,500 to 14,000 X G for 30 minutes. This washed mitochondria pellet was suspended at the rate of 4 ml of 0.6 M sucrose, EDTA, tris per 100 g fresh weight. It was necessary to force the final preparation through a glass wool pad in order to obtain a homogenous suspension. Aliquots of this preparation were taken for nitrogen determinations and subsequently analyzed by the micro-Kjeldahl method.
Plant injury has been traced to ammonia derived from organic sources such as urine (9) , chicken manure (8) , cottonseed meal (12) and animal manure (3) . In addition, inorganic sources such as aqua ammonia, anhydrous ammonia, and ammonium salts have been reported injurious to plants when placed too close to the root zone (3, 7) . The toxicity of ammonia to animals has been demonstrated by Sumner (10) . The injection of urease into rabbits resulted in death of the animals when NH, in the blood rose to 5 mg per 100 ml and before any change in blood pH could be detected. Ammonia and ammonium co-mpounds are being used as fertilizers in increasing amounts. Therefore the question of how ammonia produces the toxic symptoms which frequently result from its use on plants becomes a matter of practical as well as theoretical interest.
The object of this work was to study the effect of ammonia on plant metabolism with the view of locating one or more sites at which ammonia could be shown to have a deleterious effect on the normal metabolic processes of plants.
MATERIALS AND METHODS
Respiratory rates of intact plant tissue and of mitochondria, in the presence and absence of ammonia and ammonium salt, were determined in a Warburg respirometer at 250 C.
Plant materials used included roots of barley, Hordeum sativum Pers., leaf and root disks of sugar beet, Beta vulgaris L. var. and garden beet, B. vulgaris L. var. spinach, Spinacia oleracea; and cells of Chlorella pyrenoidosa Chick.
The barley roots were grown in Hoagland's nutrient solution, cut when 20 to 30 mm in length, blotted dry, and treated with gaseous NH3. Reproducible amounts of gaseous NH3 were evolved from NH4OH placed in the stopcock well of Dixon-Keilin flasks at 250 C. The molarity was calculated on the basis of 1 Received March 19, 1960. 2 Aided by a grant from the American Cancer Society. 3 PLANT PHYSIOLOGY slight depressing effect on barley root respiration for periods up to 2 hours, but after 4 hours the rates in the presence of these ions exceeded that of the controls, NaHCO3 resulting in a 22 % increase, for example.
Since ,-1------ It may be seen from this table that 4 X 10-3 At ammonia has increased the loss of anthocyanin from the beet disks by only 6 % of the possible maximum indicated by the boiled tissues, while the same concentration of ammonia caused more than 30 % inhibition of oxygen uptake (fig 2) . Twice this concentration of ammonia has brought the loss of anthocyanin up to 20 % of the possible maximum, but damage to cell membranes seems inadequate to explain the observed effects on respiration.
B: Loss of S35 labeled material from Chlorella. In another attempt to evaluate the effects of ammonia on permeability, Chlorella cells were labeled with S35 by being incubated for 4 hours in nutrient solution containing 0.28 M S350:-. They were washed twice by centrifugation to remove external isotope and incubated for 2 hours with various concentrations of ammonium salt in 0.2 M tris buffer at pH 8. The amount of S35 in both the cells and the bathing medium was determined. 4 X 10-3 M ammonia has resulted in even less loss of S35 labeled material from the cells than was found in buffer alone (table II) .
AMMONIA EFFECTS ON OXIDATIVE ACTIVITY OF MITOCHONDRIA: In order to minimize the problems caused by the presence of a permeability barrier at the cell membrane and to facilitate study of ammonia effects on the oxidation of individual substrates, treatments of garden beet mitochondria were undertaken. The effect of external pH on the response of mitochondria to ammonia was similar to that observed with intact cells, and indicated that the molecular form of ammonia was also the effective inhibiting agent here. A comparison of carbonate, sulfate, and phosphate salts of ammonia on the oxidative activity of beet mitochondria showed that equal concentrations of (NH4)9SO4 were more toxic than either NH4CO3 or (NH4) 2HPO4 and the carbonate salt was used in mitochondrial studies. Figure 5 summarizes the effect of 3 X 10-3 M undissociated ammonia on the oxidation of glucose, pyruvate, citrate, and malate by beet root mitochondria where the exogenous respiration of these compounds is entirely eliminated by ammonia within 2 hours.
Similar data for the respiration of a-ketoglutarate and succinate by garden beet root mitochondria are given in figure 6 which shows that although at-ketoglutarate oxidation is completely suppressed by 4 X 10-3 M undissociated ammonia, this same concentration has relatively little effect on succinate oxidation for periods up to 5 hours.
This partial resistance of succinate oxidation to ammonia inhibition seemed to point toward a possible association of DPN with ammonia toxicity, since DPN does not serve as a cofactor for succinate oxidation (5). A study of the effect of ammonia on the oxidation and reduction of DPN by beet homogenates showed that DPNH oxidation was completely inhibited while no effect was found on the reduction step (11) . Since the homogenates contain soluble enzymes and cofactors, and high concentrations of ammonia were supplied as a gas, it was desirable to study the reactions under more controlled conditions. Mitochondria prepared from garden beet roots were used for this purpose. The mitochondria were washed twice in 0.6 M sucrose in 0.2 M tris buffer at pH 8 after being prepared in 1.0 M sucrose with 5 X 10-3 M EDTA and 0.2 M tris buffer at pH 8. Figure 7 shows the rate of DPNH oxidation by these mitochondria plotted as A absorbance/minute over a 12-minute period and the effect of 4 X 10-3 M and 8 X 10-3 M undissociated ammonia on this oxidation. The lower concentration caused an inhibition of about 50 % and doubling the concentration increased this inhibition somewhat. Tlle possibility that ammonia wvas producing inhibitory effects on tissue respiration through a nonspecific effect on permeability of the cell membranes and thus resulting in a loss of organization of the protoplasm, was largely eliminated by demonstration of the effect of ammonia on the permeability of cells was much less than its effect on respiration. However, the possibility of some more specific effect of ammonia on cell permeability remains, and the effect on permeability of mitochondria has not been investigated.
The evidence presented on the inhibition of the respiration of intact cells by ammonia indicates that ammonia blocks metabolism but there is no suggestion as to the location of the block. There is some indication that a fraction of endogenous respiration proceeds by a pathway which is resistant to ammonia inhibition, particularly in beet root disks and spinach leaf disks. The exogenous respiration of glucose, citrate, and malate by barley roots and other plant tissues was inhibited by ammonia in the same way as the endogenous respiration.
These substrates as well as pyruvate, a-ketoglutarate, and succinate were found to give respiratory responses with mitochondrial preparations, but oxidation of all these substrates except succinate was inhibited by ammonia.
Succinate oxidation is known to proceed without the utilization of DPN, although the remainder of the electron transport system is common to succinate and other Kreb's cycle intermediates (1) . This fact, coupled with the resistance of succinate oxidation to ammonia treatment indicated that ammonia toxicity might be associated with reduction or oxidation of DPN. Inhibition of DPNH oxidation by ammonia in homogenates has been reported by Wedding et al (11) .
The oxidation of DPNH by mitochondria from beet roots was found to be inhibited by either gaseous NH3 or ammonia supplied in solution via ammonium salts. The reduction of DPN shows either no response to ammonia, or a slight stimulation which may be due to simultaneous inhibition of the reverse reaction.
Work recently reported by Krogmann et al (6) using spinach chloroplast preparations indicated that ammonia is an effective uncoupler of photosynthetic phosphorylation. This may represent a similar interference of ammonia with electron transport in -the photosynthetic reaction.
It is suggested that at least part of the toxicity of ammonia is due to its ability to specifically inhibit the oxidation of DPNH and thus block the transport of electrons from oxidized substrates to oxygen. 
